We studied the morphology of the male reproductive system and spermatophore formation in Astacus leptodactylus. The testis has two anterior lobules and only one posterior lobule, which lie dorsal to the gut on the large hepatopancreas. Collecting tubule cells comprise a simple cuboidal epithelium with synthetic activity. Vasa deferentia are laterally connected with the testis and have three parts: proximal vas deferens (PVD), middle vas deferens (MVD) and distal vas deferens (DVD). While the PVD is off-white in color similar to the testis and has no convolutions, the MVD is intensely white in color and convoluted. On the other hand, the DVD is the widest of all and an intensely white structure. The spermatophore, which is non-pedunculate and tubular, extrudes an uninterrupted column and consists of a sperm mass covered with primary and secondary layers. The primary layer is stained with bromephenol blue, while secondary layer gives positive reaction with Alcian blue and aldehyde fuchsin. The histochemical results indicate that the functions of layers are different.
INTRODUCTION
Decapoda is the largest order of crustaceans and when compared to most other crustaceans are relatively large animals. Astacidea includes four superfamilies. These are the Parastacoidea, Enoplometopoidea, Nephropoidea, and Astacoidea respectively (Hobbs et al., 2007) . Within Astacoidea, studies on the male reproductive system of the species in the Astacidae (Dudenhausen and Talbot, 1979 , 1983 Studitskij and Eljakova, 1972; Holdrich and Reeve, 1988; Obrodovic, 1989) are fewer than those done on species of the Cambaridae (Fasten, 1914; Niiyama, 1934; Suko, 1955; Word and Hobbs, 1958; Johnson, 1960; Moses, 1961b; Smart, 1962; Wielgus-Serafinska, 1973 , 1976 .
Astacus leptodactylus (Eschscholtz, 1823 ) is a commercial species consumed intensely as food in Turkey and in other countries (Harlıog˘lu and Harlıog˘lu, 2004) , but several crayfish populations included in A. leptodactylus are in danger of extinction (Sutcliffe, 2002) . Therefore, the relationship between the egg size and female size in A. leptodactylus (Harlıog˘lu and Türkgülü, 2000) , the importance of sex, individual size, and burrow size, (Harlıog˘lu and Aksu, 2002; Balık et al., 2005) , harvesting (Harlıog˘lu and Harlıog˘lu, 2004) , the length-weight relationship (Güner and Balık, 2002) and some morphometric characteristics of crayfish in Lake Terkos (Güner, 2006) have been studied to date. However, there is no detailed study on the reproductive system of this species.
The male reproductive system of A. leptodactylus is composed of a tri-lobed testis, vasa deferentia, which take part in spermatophore formation in vas deferens, and ejaculatory ducts, which provides the transfer of the spermatophore to the female. Our study aims to describe the male reproductive system of Astacus leptodactylus in detail, analyze the spermatophore formation in vas deferens histochemically, and offer guidance to future studies.
MATERIALS AND METHODS
Eight specimens of adult male A. leptodactylus (mean weight: 40.90 6 3.06 g, maximum carapace length: 58.30 6 2.20 mm) were collected from Lake Egirdir, Turkey. Once in the laboratory, the animals were killed by cold treatment (5 min at À208C). After lifting away the dorsal carapace, the testis and vasa deferentia were dissected and fixed with Bouin's solution for 12 h at 208C and placed in 70% ethanol. The tissues were serially dehydrated in an ethanol series, cleared in xylene, and finally embedded in paraffin. The sections were cut at 5 lm thickness, placed onto microscope slides and stained with hematoxylin-eosin for observation of histological structure, as well as with bromephenol blue, periodic acid -Schiff (PAS), Alcian blue and aldehyde fuchsin for histochemical analysis using light microscopy (Pearse, 1960; Bancroft and Stevens, 1982) .
RESULTS
The trilobed testis of A. leptodactylus is located within the cephalothorax with the anterior lobules extending anterodorsally flanking the pyloric region of the stomach and adjoining the anterodorsal part of the hepatopancreas. Beneath the pericardium these two lobules join the posterior lobule and the latter extends posteriorly above the intestine into the first pleomere (Fig. 1A) . The anterior lobules of the tri-lobed testis are shorter than the posterior. The upper halves of the anterior lobules are lobular but are joined to each other by connective tissue. In contrast, the bottom halves are not lobular. The average total length of the testis is 20 mm and its color is off white (Figs. 1B, 2) . Vasa deferentia are laterally connected with the first quarter of the posterior part of the testis. The length of the vas deferens in male individuals with an average total body length of 10 cm ranges from 135 mm to 140 mm (Fig. 1A, B) .
The testis is basically composed of acini and collecting ducts. Clusters of acini in different regions of the testis tend to be at similar stages in the spermatogenic cycle (Fig. 3A) . The wall of the acinus that adjoins the limiting membrane of the testis consists of a superficial layer of connective tissue surrounding a basement membrane, internal to which are generative cells and/or their progeny (spermatogonia, spermatocytes, spermatids, and spermatozoa) along with accessory cells. Essentially, acini consist of generative cells and accessory cells that arise from the wall of acinus (Fig.  3B, C) . Generative cells, which develop to form spermatozoa, can be easily distinguished from accessory cells, the cytoplasm of which contains PAS-positive material and the nuclei of which are flattened and more deeply stained than the nuclei of other cells in the acinus. As spermatogenesis progresses within an acinus, spermatogonia first transform into primary spermatocytes (Fig. 3B) , then into secondary spermatocytes (Fig. 3C) , and finally into spermatids, so that the volume of the acinus increases. Finally, spermatids transform into spermatozoa. In this stage, spermatozoa accumulate in the center of collecting tubules in syncytial clusters.
The cuboidal cells forming a collecting tubule rest on the basement membrane and their cytoplasm demonstrates acidophilic characteristics, and they stain with eosin considerably well (Fig. 3A, C) . This epithelium secretes PAS-positive material in which spermatozoa are embedded. The basally located nuclei in the cells are elliptical and are strongly basophilic. Among these epithelial cells, there are generative cells that stain a lighter shade than the big spherical epithelial nuclei. The spermatozoa accumulated in the collecting tubules of the testis are transferred to the ejaculatory duct through the vas deferens and are then ejaculated. The epithelium of the vas deferens is surrounded by connective tissue, and exhibits a secretory function in some regions of the vas deferens. Therefore, using this characteristic, the vas deferens can be separated into three parts: the proximal vas deferens (PVD), the medial vas deferens (MVD) and the distal vas deferens (DVD).
The PVD is the first segment of the vas deferens and has a diameter ranging between 0.4 and 0.6 mm. Histologically, the PVD is surrounded by a single layered epithelium consisting of columnar cells (Fig. 4A) . The apical cytoplasm of the PVD in the epithelial cells is stained with Alcian blue. A single layer of fibrous connective tissue is present external to the epithelium (Fig. 4A ). In the PVD, spermatozoa are not covered by a layer but are embedded in a PAS-positive secretion.
The second and highly convoluted part of the vas deferens is the MVD, which has a diameter ranging between 0.6 and 0.8 mm. The epithelium of MVD is a single layer of columnar cells higher than those in the epithelium of the PVD. These cells are more basophilic than those in the PVD. The primary layer of spermatophores can be observed at the beginning of the MVD (Fig. 4B ). This layer, which surrounds the mass of spermatozoa in the lumen of MVD, is strongly stained with bromephenol blue (Fig. 4C) . The very thin layer that surrounds the primary layer of spermato- phores is stained with Alcian blue and forms the secondary layer of spermatophores in later stages (Fig. 4D) .
The DVD is the last and widest (approximately 1.2-1.7 mm) part of the vas deferens. The epithelium of the DVD is similar to that of the MVD and is folded. The primary and secondary layers of the spermatophore in DVD are prominently thicker than those in the MVD.
The epithelial cells in the ejaculatory duct are flattened, and this duct is surrounded by a thick muscular layer (approximately 0.33 mm). The muscular layer contains two layers of smooth muscle. The smooth circular muscle fibers are arranged around the tube lumen (circular layer), and the fibers of the outer layer are disposed along the tube (longitudinal layer) (Fig. 4E ). Although the muscular layer is thin at the very beginning of ejaculatory duct, this layer gradually becomes thicker at the end of it.
The spermatophore is non-pedunculate, tubular as an uninterrupted column, and consists of a sperm mass covered with the primary and secondary layers, which contain acellular materials. However, the acellular materials of the primary layer are different from those the secondary layer contains. The primary layer is stained with bromephenol blue (Fig. 4C) , while the secondary is stained with Alcian blue (Fig. 4D, F ) and aldehyde fuchsin. Both layers are thicker in the DVD than in the MVD. During copulation, spermatophores are left in the ventral thoracic cavity of the female of A. leptodactylus and stored there for approximately one and a half months until the female spawns and fertilization occurs. DISCUSSION Studies of A. leptodactylus have especially focused on the fecundity, the importance of gonad size and burrow size, harvesting, population structure, and some morphometric characteristics (Harlıog˘lu and Türkgülü, 2000; Harlıog˘lu and Aksu, 2002; Balık et al., 2005; Harlıog˘lu and Harlıog˘lu, 2004; Güner, 2006) . Several studies have been done on spermatogenesis and spermatophores of species (Dudenhausen and Talbot, 1979 , 1983 Lopez-Camps et al., 1981) . However, there is no detailed study on the morphology and functional anatomy of the testis in Astacidae (Hobbs, 2007) . In the study of Pacifastacus leniusculus (Dana, 1852) by Dudenhausen and Talbot (1983) , only the gross morphology of the testis was described. In addition, there have been studies on the gross morphology of the testis, spermatogenesis, spermiogenesis, and the annual cycle of sperm production in Cambaridae (Fasten, 1914; Niiyama, 1934; McCroan, 1940; Penn, 1943; Suko, 1955; Moses, 1961a Moses, , 1961b Wielgus-Serafinska, 1973 , 1976 .
Both families (Astacidae and Cambaridae) have a trilobuled, Y-shaped testis, but the testis does not have the constricted stalk of those found in some other decapod species. The morphology of the entire testis of A. leptodactylus is different from that of P. leniusculus (Andrew, 1904a (Andrew, , b, 1931 Dudenhausen and Talbot, 1983) ; Cambaroides japonicus (de Haan, 1841) (Niiyama, 1934; Kaye et al., 1961; Yasuzumi et al., 1961) ; and Procambarus zanangulus Hobbs and Hobbs, 1990 , Orconectus rusticus (Girard, 1852) , Cambaroides similis (Koelbel, 1892) (Hobbs et al., 2007) , and Cambarus bartonii cavatus (Fabricius, 1798) (Andrews, 1904a, b) . In A. leptodactylus the upper half of the anterior lobule has a lobular structure and these lobules are joined to each other by connective tissue. Hobbs (2007) reported that the Y-shaped testis in Astacoidea might be formed by the transformation of two posterior lobules of an H-shaped testis, which is observed in Parastacoidea, e.g., Cherax quadricarinatus (Von Martens, 1868), Cherax albidus (Clark, 1936) , Parastacus defossus Faxon, 1898, Nephropoidea, and Enoplometopidae and is believed to be more primitive than a single one. Similarly, the fusion of the lower halves of the anterior lobules of A. leptodactylus and their partial joining by connective tissue suggests an evolutionary tendency towards fusion into a testis without subdivisions. The vas deferens of A. leptodactylus joins to the testis near the first quarter of the posterior lobule of the testis as in other Astacidae and Cambaridae, and its length is more than the total length of the individual.
In decapods, the stages of spermatogenesis are synchronous or asynchronous in the acini of different regions of the testis depending on the species. In synchronous species, solely one or two development stages of spermatogenesis can be observed in any region of the testis (Krol et al., 1992) . A. leptodactylus is also a synchronous species such as the crayfish Procambarus clarkii; the crabs Geryon maritae Faxon, 1898, Callinectes sapidus (Rathbun, 1898) , and Telmessus cheiragonus (Tilesius, 1812) ; and the lobster Panulirus argus (Latreille, 1804) (Johnson, 1980; Melville-Smith, 1987; Krol et al., 1992; Nagao and Munehara, 2003) . On the other hand, different spermatogenic stages can be observed in the acini of different regions of the testis in asynchronous species such as the crayfish Cherax quadricarinatus (Lopez-Greco et al., 2007) , Parastacus defossus (Noro et al., 2008 , Samastacus spinifrons Fig. 2 . Semi-diagramatic representation of gross structure of testis and paired vasa deferentia, dorsal view, in A. leptodactylus, with two anterior lobules (AL) and one median posterior lobule (PL) of testis, vas deferens (VD) and ejaculatory duct (ED). (Philippi, 1882) (Rudolph, 2002) , and the shrimp Sicyonia ingentis (Burkenroad, 1938) (Shigekawa and Clark, 1986) . Hobbs (2007) stated that developing spermatogenic cells in different stages are located in different regions of the testis showing proximate stages of the spermatogenic cycle.
The microscopic structure of the testis in A. leptodactylus is, in general terms, very similar to the structure described for other decapods (Krol et al., 1992; Taketomi et al., 1996) and this structure includes acini and a central collecting duct. The acini are composed of accessory cells and generative cells, which are derived from the progenitor cells inside the wall of an acinus. The wall of the acinus is composed of one or more layers of connective tissue in decapods (Krol et al., 1992) . Accessory cells of A. leptodactylus are located in the wall of the acinus and can be distinguished from generative cells by their deeply stained flattened nuclei stained deeply and their cytoplasm including PAS positive material. In addition, that spermatozoa capsule also gives strong PAS positive reaction suggesting that the material giving PAS positive reaction in accessory cells contributes to the formation the capsule. It was stated that although in C. quadricarinatus (Parastacidae) spermatozoa are not surrounded by the capsule, testicular acini containing only spermatozoa includes PAS positive material and this material might originate from accessory cells (Lopez-Greco et al., 2007) .
Spermatozoa reach the vas deferens through the collecting tubules of the testis, carried to the gonopore and released. Depending on the species, the vas deferens is divided into three to ten distinct regions having different functions (McLaughlin, 1983) . In A. leptodactylus the vas deferens is divided into three different structural regions according to their different synthetic activities (proximal, medial and distal vas deferens). These epithelial regions are responsible for the formation of a spermatophore, which is species-specific; the transportation of the spermatophore to the gonopore; and the maintenance of sperms until fertilization.
In A. leptodactylus, the proximal vas deferens (PVD) has a simple columnar epithelium with secretory activity as in C. quadricarinatus (López-Greco et al., 2007) . In A. leptodactylus the sperm mass is embedded in PAS positive material that is composed of variable carbohydrate molecule in the lumen of the PVD, while the sperm mass substance gives a PAS negative reaction and is stained with Alcian blue in Panulirus homarus (Linnaeus, 1758) suggesting that sperm mass substance is acid mucopolysaccarides (Radha and Subramoniam, 1985) . Also, there is a layer that gives a PAS positive reaction around the sperm mass in Cherax quadricarinatus (López-Greco et al., 2007) , Cherax cainii Austin and Ryan, 2002, and Cherax albidus (Beach and Talbot, 1987) , but in our study no such layer was observed in the PVD of A. leptodactylus.
In A. leptodactylus, epithelial cells of the medial vas deferens (MVD) are taller than those in the PVD, columnar, basophilic and have a secretory activity as in Cherax albidus (Fingerman, 1992) , but in C. quadricarinatus the epithelial cells of MVD range from cubic to flat (López-Greco et al., 2007) . In A. leptodactylus, the primary layer of spermatophore is first observed at the beginning of the MVD and the histochemical results show that this layer is rich in protein content (Mazia et al., 1953) . The secondary layer of spermatophore first appears near the end of the MVD of A. leptodactylus as in C. albidus (Talbot and Beach, 1989) . According to histochemical results, the secondary layer of spermatophore contains hyaluronic acid (Bancroft and Stevens, 1982) .
While the structure of the distal vas deferens (DVD) in A. leptodactylus does not vary considerably, thickening of both the primary and secondary layers and the expansion of the epithelium by convolution show that the activation of epithelium increases in order to complete the maturation of spermatophore which will be transferred to the ejaculatory duct (Krol et al., 1992) .
In decapods, spermatophore storage is variable. In some brachyuran crabs that undergo internal fertilization, a spermatophore is stored directly in the genital duct of the female. On the other hand, in some brachyuran crabs, some penaeids, and some nephropsideans that undergo external fertilization, spermatophores are stored in the ventral thoracic cavity or in some point located in the path of unfertilized eggs (Mann, 1984; Krol et al., 1992) . A. leptodactylus is included in the above-mentioned second group and leaves its spermatophores in the ventral thoracic cavity of the female. In addition, there are some groups that demonstrate two different types of spermatophore storage. In penaeid shrimps with a closed thelycum, spermatophores are stored in the seminal receptacle of soft (newly molted) immature females. Finally, in penaeid shrimps with an open thelycum such as Litopenaeus vannamei (Boone, 1931) and Macrobranchium rosenbergii de Man, 1879, spermatophores are stored externally on a hardened intermolt female (Krol et al., 1992) .
The spermatophore is a capsule that is located around spermatozoa, and is composed of acellular material produced by the secretory epithelium of the vas deferens, and protects spermatozoa until their transfer to the female in the species undergoing internal fertilization and until fertilization in the species undergoing external fertilization (Dudenhausen and Talbot, 1983; Anilkumar et al., 1999) . The spermatophores in many brachyurans undergoing internal fertilization have a simple structure. However, the spermatophores in others such as anomurans and macrurans that undergo external fertilization have a more complex structure since the spermatophores in the latter group are exposed to external factors and need to be preserved more while awaiting for fertilization at one point outside the body when compared with these in the former group (Adiyodi and Anilkumar, 1988; Subramoniam, 1995; Anilkumar et al., 1999) . The form of spermatophore varies depending on the shape and contraction of the lumen of vas deferens and the accumulation of the acellular materials in the spermatophore layers (Krol et al., 1992) . In decapod crustaceans, spermatophores studied to date have been categorized into three different types. One type of spermatophore is pedunculate and is present in all anomurans except for a few species in Hippidae (Greenwood, 1972; Trelli et al., 2007; Tudge, 1999; Scelzo et al., 2004) . Another type of spermatophore is tubular and has several layers made of acellular material and they are found in the form of an interrupted column as in A. leptodactylus, Pacifastacus leniusculus, Homarus americanus, Enoplometopus occidentalis (J. W. Randall, 1840) and Panulirus homarus (Kooda-Cisco and Haley, 1984; Mann, 1984; Radha and Subramoniam, 1985) or units pinched off the column (Dudenhausen and Talbot, 1983) . The third type of spermatophore is the simplest form of spermatophore and is found in brachyuran crabs. They are small and either ellipsoid or spherical. This type might form the sperm plug in the seminal receptacle of the female that prevents other male sperm from getting into the female reproductive tract (Cronin, 1947; Ryan, 1967; Hinsch and Walker, 1974; Krol et al., 1992) .
As reported for lobsters and crayfish, a tubular spermatophore in A. leptodactylus is made of a few layers that are histochemically different from one another (Dudenhausen and Talbot, 1983; Radha and Subromoniam, 1985; Haley, 1986) . While Dudenhausen and Talbot (1983) reported that in Pacifastacus leniusculus the sperm mass is surrounded by three spermatophore layers (primary layer, thick middle layer and thick outer layer), Lopez-Greco et al. (2007) reported that in C. quadricarinatus there are only two spermatophore layers, primary and secondary, around the sperm mass. This is similar to A. leptodactylus. The sperm mass in the lumen has a strong PAS-positive reaction in A. leptodactylus as observed in C. quadricarinatus and C. albidus (López-Greco et al., 2007) , contrary to that found appears near the end of MVD as a thin line and is stained with Alcian blue, while primary layer is not stained with Alcian blue.. E, Ejaculatory duct consisting of a narrow epithelial layer (EL) and thick muscular layer surrounding the duct. The muscular layer consists of a longitudinal layer (LL) and a circular layer (CL). Primary layer of spermatophore (arrow) which surrounds the sperm mass and secondary layer of spermatophore (double arrow) around the primary layer reaching the thickest form in this region. Stain: HþE. F, Secondary layer (double arrow) is stained with Alcian blue, while primary layer (arrow) is not stained with Alcian blue.
in Panulirus homarus (Radha and Subramoniam, 1985) . Stained with bromephenol blue, the primary layer of the spermatophore in A. leptodactylus is reported to be protein (Mazia et al. 1953 ) giving a PAS negative reaction not staining with Alcian blue. In contrast, this layer gives a PAS positive reaction in P. leniusculus (Dudenhausen and Talbot, 1983) , Cherax cainii, C. albidus (Beach and Talbot, 1987) and C. quadricarinatus (López-Greco and Lo Nostro, 2007) . In A. leptodactylus the primary layer may have a protective role in maintaining the spermatozoa alive as suggested by Talbot and Beach (1989) while the secondary layer of the spermatophore is a highly Alcian blue-positive component, which is reported to be hyaluronic acid (Bancroft and Stevens, 1982) , and gives PAS negative reaction. On the other hand, the secondary spermatophore layer gives a PAS positive reaction in both C. quadricarinatus (López-Greco and Lo Nostro, 2007) and Panulirus homarus. Radha and Subramoniam (1985) reported that the secondary spermatophore layer in the latter is chondroitin sulphate. Acid mucopolysaccharides are highly sulphated, and components such as hyaluronic acid and chondroitin sulphate are anti-microbial (Sasikala and Subramoniam, 1987; Subramoniam, 1991; Radha and Subramoniam, 1985) . The existence of hyaluronic acid in the secondary spermatophore layer in A. leptodactylus may be associated with hardening of the spermatophores and/or adhesion to ventral surface of the female during copulation (Dudenhausen and Talbot, 1983) . In addition, thanks to its antimicrobial properties, hyaluronic acid might also protect the spermatozoa while the spermatophores are extruded and before the spawning of eggs almost a month and a half later (Radaeva et al., 2001) . Our finding that hyaluronic acid is present in the secondary (external) layer of the spermatophore is supported by the spermatophore's hardening, adhesion to the ventral surface, and antimicrobial properties.
From this study, the description of the testis and the analysis of spermatophore formation within the vas deferens of A. leptodactylus, a commercially harvested species, allows the reproductive biology of this taxon to be better understood (Harlıog˘lu and Holdich, 2001 ). In addition, determination of the microscopic structure of the testis and spermatophore will help explain the phylogenetic relationship of A. leptodactylus with other species in Astacidae.
